to ETA measured by eddy covariance. Modeled ETA estimates with negligibly porous 28 stones were much lower for all cases due to the substantial decrease in soil water storage 29 compared with estimates made considering highly porous stones. Assumptions of highly 30 porous or negligibly porous stones lead to reductions in simulated ETA of between 10% 31 and 30%, respectively, compared with no stones. These results reveal the important role 32 played by soil stones, which can impact the water balance by altering available soil 33 moisture and thus ETA in montane ecosystems. 34
Introduction 37
Evapotranspiration (ET) is the largest outward flux of water and a key component of the 38 hydrological cycle and is therefore essential in quantifying the water budget and planning 39 water resources (Baldocchi and were processed at 30-minute intervals. Precipitation was measured and aggregated hourlyusing a dual-gauge system especially designed for windy and snow dominated conditions. 173
Volumetric soil water content was recorded every hour at mean depths of 5-, 15-, 30-, 60-174 , and 90-cm. 175
During installation of soil moisture sensors at each station, the excavated soil was analyzed 176 in order to determine the soil texture, root distribution and stone content (Parajuli et at Tony Grove. The majority of 187 stones collected from soil pits in the iUTAH stations were sandstone with variation in their 188 individual porosities. Sandstones with coarser grains had higher porosities, close to thirty 189 percent and exhibited water retention properties similar to sandy soil. However, fine 190 grained sandstones were negligibly porous with porosities between three to five percent. 191
The water retention properties of the stones were measured by Parajuli et al. (2017a) and 192 are presented in Table 2 . 193
Theoretical Considerations 194

HYDRUS-1D Numerical Modeling 195
In this study we used HYDRUS-1D software (Version 4.17, Simunek et al., 2013) , which 196 simulates variably-saturated water flow in soil using the modified Richards equation 197 expressed as: 198 
where the soil cover fraction, SCF=1-exp(-k LAI), k is the radiation extinction coefficient 213 (set to 0.463 for this study) and LAI is leaf area index (Simunek et al., 2013) . 214
The sink term, S in Equation (1) represents the volume of water lost from the soil in unit 215 time due to root water uptake (Feddes et al., 1978) and calculated as (Simunek et al., 2013) : 216
where α(h,z) is the root-water uptake stress response function (Feddes et al., 1974 (Feddes et al., , 1978 . 218
Sp is the potential water uptake rate [T The lower boundary condition was set as a free drainage boundary, assuming an infinitely 229 deep soil profile with no effect of ground water table. The initial conditions were described 230 by the measured initial moisture content along the soil profile at time t = 0. The surface 231 boundary condition of the soil domain was set to the atmospheric boundary condition with 232 surface runoff. The soil parameters for the van Genuchten-Maulem water retention model 233 (Mualem 1976; van Genuchten 1980) were calibrated for each layer using inverse 234 modelling in HYDRUS-1D. The van Genuchten (1980) model is expressed as; 235 
Accounting for Stone Content in the HYDRUS-1D Simulation 252
In order to address the impact of stone content on soil hydraulic properties and thus 253 estimation of ETA, the stony soil was assumed to be a binary porous medium allowing two 254 different water retention properties for stone and fine soil in each layer. The dual porosity 255 water retention model (Durner 1994) , which assumes equilibrium conditions, was applied 256 to satisfy the algorithm suggested by Parajuli et al., (2017a) 
where the parameters with subscript so, st and mix are van Genuchten parameters for fine 260 soil fraction, stone inclusion and soil-stone mixture, respectively. The weighting factors 261 for soil and stone fractions, wso and wst, at saturation are defined as: 262
where v is the ratio of the stone fragment volume to the total soil volume (or volume 265 fraction of stone content). 266
In order to understand the impact of variably porous stones in simulation of ETA, two 267 scenarios were studied where all the stones were considered as either coarse sandstones 268 (highly porous) or fine sandstones (negligibly porous) with water retention properties 269 expressed in Table 2 . 270
The unsaturated hydraulic conductivity as a function of the stony soil effective saturation 271 is defined by combining Eq. (6) 
where l is empirical parameter of the hydraulic function.
Results 276
Calibration of the HYDRUS-1D model 277
The soil hydraulic parameters were optimized for different soil layers as described in 278 The volumetric water content approached the saturation level during spring snowmelt, but 296 these montane soils drain quickly to field capacity once snowmelt ceases. Rain events 297 during the summer of 2015 recharged the soil profile to a depth of 30 cm as shown in 
Effect of Stone Content on Evapotranspiration 338
With the aim of analyzing the impact of stone content on ETA, we simulated three different 339 scenarios assuming soil for all five sites with: no stones; highly porous stones (Coarse 340 Sandstone); and negligibly porous stones (Fine Sandstone). The average stone content for 341 each layer was estimated based on the soil pit description also presented in Figure 2 . The 342 water retention parameters for the highly and negligibly porous stone considered for this 343 study were measured in the laboratory (Parajuli et al., 2017a) and are presented in Table 2 . The simulations under different conditions revealed significant reductions in cumulative 360 ETA at the Tony Grove and Soapstone stations. The percent changes in simulated actual 361 transpiration (TA), evaporation (EA) and ETA for conditions with highly porous stones and 362 negligibly porous stones with reference to soil without stones, is presented in Table 5 . The 363 cumulative ETA was reduced by 10% and 21% at Tony Grove and 1% and 17% at 364
Soapstone for assumptions of highly-and negligibly-porous stones, respectively (Table 5) . showed 370 reduction in ETA by nearly 3% while assuming highly porous stone and by 7% assuming 371 negligibly porous stones for both years. In contrast, the ETA simulations for Beaver Divide 372 in 2016 showed incremental changes when considering either stone type. 373
Discussion 374
Soil Moisture Dynamics and Model Calibration 375
The inverse simulation was executed based on the goodness of fit between the measured 376 and simulated soil moisture, however the measured soil moisture may not directly include 377 . These estimates were averaged over depths at all five stations for both years 387 (Table 3) . Some discrepancies were observed such as at the 20 cm depth in Beaver Divide 388 and Soapstone, which showed relatively low R 
Accounting for Stone Content 423
The magnitude of the effects of stone content on the ETA simulation was dependent upon 424 the types of stone and their hydraulic properties. As presented in Durner (1994) , prediction 425 of both the water retention and hydraulic conductivity function near saturation may be 426 highly unreliable and subject to large estimation error with even the best quality 427 measurements. Acknowledging this, we assumed the saturated hydraulic conductivity of 428 the stony soil was similar to that of the fine soil matrix while the unsaturated hydraulic 429 conductivity for stony soil was defined by Eq. (14) as a function of effective saturation. 430
Several studies suggest reduction in hydraulic conductivity due to increase in stone content, 431 while conversely, the hydraulic conductivity has also been shown to increase in stony soil 432 near saturation (Beckers et al., 2016; Sauer and Logsdon, 2002) . Our simulation for low 433 porosity stone tended to simulate ETA that matched well with the eddy covariance estimates 434 (Figure 6 ). Simulation of stony soil with negligibly porous stone reduced the total 435
cumulative ETA considerably at all five stations for both years except for Knowlton Fork,which exhibited the lowest average stone content (Figure 2) . However, the high porosity 437 stone, with water retention behavior similar to coarse sandstone, had the least effect on 438 ETA simulation in comparison to the ETA estimated without accounting for the stone 439 content. The cumulative ETA over the simulation period was reduced by up to 30% for the 440 Soapstone site in 2016 when assuming negligibly porous stones (Table 5) 
Conclusion 444
In this study we demonstrated the influence of soil stone content on the uptake of water as 445 evapotranspiration (ET) from a mixture of grass and sagebrush using stony-soil moisture 446 dynamics. The soil moisture and ETA simulated by HYDRUS-1D were found to be in good 447 agreement with directly measured soil moisture and ETA using the eddy covariance system 448 indicating that the model is efficient in simulating the boundary fluxes including ETA. The 449 simulated root water uptake from stony soil was found to be sensitive to stone content. 450
Simulation results revealed a significant reduction in cumulative ETA of up to 30% percent 451 of total ETA computed without accounting for the stone content. The simulated ETA values 452 were least affected when considering soil with highly porous stones, while estimates were 453 reduced significantly for the stations with higher average stone content, when considering 454 soil with negligibly porous stones. Numerical simulations revealed that lower-and higher-455 porosity stones reduced ETA by 30% and 10%, respectively, highlighting the potential for 456 overestimation of ETA when stone content is neglected in modeling. It is hence important 457 to incorporate hydraulic properties of stones to more accurately estimate ETA by 458 accounting for stone impact on soil moisture dynamics in stony soil. This study provides 
